This paper proposes a fully coupled three-scale finite element model for the mechanical description of an alumina/magnesium alloy/epoxy composite inspired in the mechanics and architecture of wood cellulose fibres. The constitutive response of the composite (the large scale continuum) is described by means of a representative volume element (RVE, corresponding to the intermediate scale) in which the fibre is represented as a periodic alternation of alumina and magnesium alloy fractions. Furthermore, at a lower scale the overall constitutive behavior of the alumina/magnesium alloy fibre is modelled as a single material defined by a large number of RVEs (the smallest material scale) at the Gauss point (intermediate) level. Numerical material tests show that the choice of the volume fraction of alumina based on those volume fractions of crystalline cellulose found in wood cells results in a maximisation of toughness in the present bio-inspired composite.
INTRODUCTION
Wood microstructure can be understood as the result of an optimisation process developed by nature over millions of years. One of its main features is its hierarchical nature distributed across multiple spatial scales. This important feature has been widely investigated over the last few years by means of multiscale finite element models in the context of elastic response [1] [2] [3] [4] , and recently in the context of irreversible behavior [5] , bringing substantial progress to the understanding of this material.
In an attempt to exploit further the structural and mechanical concepts involved in wood cells, the main objective of this paper is to investigate the non-linear mechanical response of a new bio-inspired composite in the context of large strains by means of a fully coupled three-scale finite element model. By replicating the natural design of cellulose fibres in wood cells, this new composite is characterised by alumina/magnesium alloy fibres embedded in an epoxy matrix. In the present multi-scale framework, the large scale continuum is represented by the composite, whose constitutive response is defined by a Representative Volume Element (RVE), corresponding to the intermediate scale. Furthermore, the fibres are represented by a periodic alternation of alumina and magnesium alloy fractions, whose overall constitutive behaviour is modelled as a single material defined by a large number of RVEs, i.e. the smallest scale, at Gauss point (intermediate) level. This bio-inspired strategy is suggested by the strong influence of the proportion of volume fractions of crystalline and amorphous cellulose on the overall mechanical behaviour of wood cells.
The paper is organised as follows. Section 2 presents a brief review of wood cell-wall mechanics. Section 3 describes the basis of the homogenisation-based multi-scale theory at large strains. The bio-inspired strategy adopted for the design of the new composite is detailed in Section 4. The finite element modelling of the new material is presented in Section 5. Section 6 shows the numerical results obtained from the present multiscale model. Finally, Section 7 summarises our main conclusions.
WOOD CELL-WALL MECHANICS
The walls of wood cells contain three major chemical constituents: cellulose, hemicellulose and lignin. These constituents form a spatial arrangement called microfibril which can be represented as a periodic unit building block of rectangular crosssection with infinite length (see Figure 1(a) ). Cellulose, hemicel-(a) Cross-section of a representative microfibril with its fundamental constituents.
(b) Longitudinal section of the cellulose with its peridic crystalline and amorphous fractions. lulose and lignin constitute approximately 30%, 30-35% and 35-40%, respectively, of the total volume of wood substance. The cellulose is a long polymer composed of glucose units which is organised into periodic crystalline and amorphous regions along its length and called crystalline-amorphous cellulose core as shown in Figure 1(b) . This periodic arrangement is further covered with an outer surface made up of amorphous cellulose [6] . The (volumetric) degree of crystallinity is defined as the ratio between the volume of crystalline cellulose and the total volume of cellulose. Hemicellulose is a polymer with little strength built up of sugar units. Its structure is partially random with mechanical properties highly sensitive to moisture changes. Lignin is an amorphous polymer whose purpose is to cement the individual cells together and to provide shear strength. It is the most hydrophobic component in the cell-wall, with relatively stable mechanical properties under moisture changes. The specific orientation of microfibrils with respect to the longitudinal cell axis is called the microfibril angle (MFA) and is one of the most important parameters controlling the balance between stiffness and flexibility in trees.
The mechanical properties of the wood cell-wall composite and its fundamental constituents have been extensively investigated in recent years [5, [7] [8] [9] [10] [11] . Figure 2 shows the variation FIGURE 2. Young's modulus for the four fundamental constituents in wood [5, [9] [10] [11] .
of the Young's modulus in the cell-wall, and its corresponding value for each of the four chemical constituents in wood. Note that the very low value of 0.04 GPa for hemicellulose has been reported for moist conditions. A different trend is found in Figure 3 , for the ultimate strains of each of the constituents. We note FIGURE 3. Ultimate strains for the four fundamental constituents in wood [5, 7, 8] .
that in Ref. [7] , the authors determined a range of maximum tensile strains in cellulose crystallites, in juvenile and mature wood, ranging between 0.14 and 0.40% strain. Here, we consider an average value of 0.3% strain. The maximum value of 6% strain [5] . In Ref. [8] , the authors showed how wood tissue and individual cells are able to undergo large deformations without damage when the main mechanism of deformation is shear in the hemicellulose/lignin matrix. This self-healing mechanism present in wood cells allows the assumption of no limit for the maximum shear strain in the hemicellulose/lignin matrix. Since cellulose (with it crystalline and amorphous portions) is the main constituent in the wood cell-wall and is far stiffer than lignin and hemicellulose, it is assumed that it does not matter in what manner the hemicellulose and lignin distribute in the surrounding matrix [12] . Therefore, it is possible to adopt a single equivalent material for the description of the lignin/hemicellulose matrix based on their volume fractions and individual mechanical properties. In this paper, we choose 30% volume fraction for the whole cellulose fibre, and 32.5 and 37.5% for the hemicellulose and lignin, respectively. Thus, from the Young's modulus of hemicellulose and lignin shown in Figure  2 , it is straightforward to obtain an equivalent Young's modulus E = 0.854 GPa for the equivalent matrix. From Refs. [5] and [10] , it is also possible to adopt an equivalent yield stress σ y = 0.019 GPa. Table 1 summarises the mechanical properties of the Crystalline cellulose, its amorphous counterpart and the hemicellulose/lignin matrix in the cell-wall.
HOMOGENISATION-BASED MULTI-SCALE CON-STITUTIVE THEORY AT LARGE STRAINS
The main assumption in the homogenisation-based multiscale constitutive theory of heterogenous solids is that the deformation gradient F F F at any arbitrary point x x x of the macroscopic continuum is the volume average of the microscopic deformation gradient field F F F µ defined over a local representative volume element (RVE). The RVE is such that its domain Ω µ has a characteristic length much smaller than that of the macroscopic continuum and, at the same time, is sufficiently large to represent the mechanical behaviour of the heterogeneous medium in the averaged sense. Models of the present type are described in further detail, for instance, in Refs. [13] [14] [15] [16] .
At any instant t, the macroscopic or homogenised deformation gradient F F F at a point x x x can be expressed as
where V µ is the volume of the RVE associated to point x x x in its reference configuration, y y y denotes the local RVE coordinates, I I I the second order identity tensor, ∇ the material gradient operator, and u u u µ the RVE (or microscropic) displacement field. Further, it is possible to decompose the displacement field u u u µ as a sum of a linear displacement (F F F(x x x,t) − I I I)y y y and a displacement fluctuation fieldũ u u µ , i.e., u u u µ (y y y,t) = (F F F(x x x,t) − I I I)y y y +ũ u u µ (y y y,t).
The displacement fluctuations field represents local variations about the linear displacement and do not contribute to the macroscopic deformation gradient. The fieldũ u u µ depends on the presence of heterogeneities within the RVE. Analogously to definition (1), the macroscopic or homogenised first Piola-Kirchoff stress tensor field P P P, at a point x x x of the macro-continuum, is assumed to be the volume average of the microscopic first Piola Kirchoff stress tensor P P P µ , over Ω µ :
Another fundamental concept in multi-scale constitutive theories of the present type is the Hill-Mandel Principle of Macrohomogeneity [17, 18] , which establishes that the macroscopic stress power must equal the volume average of the microscopic stress power over Ω µ for any kinematically admissible microscopic deformation gradient rate fieldḞ F F µ , at any state of the RVE in equilibrium.
The Hill-Mandel Principle above requires the RVE body force and external surface traction fields to produce no virtual work [19, 20] . As a result, the virtual work equilibrium equation for the RVE is reduced to
To complete the present multi-scale formulation, a set of kinematical constraints upon the selected RVE is required in order to make problem (4) well-posed. In what follows, the choice of this set of kinematical constraints will coincide with the widely used Periodic boundary displacement fluctuations model. This is typically associated with the modelling of periodic media. In this case, the RVE is a so-called unit cell whose periodic repetition generates the entire heterogeneous macro-continuum.
BIO-INSPIRATION
In this section we explore the design of a new alumina/magnesium alloy/epoxy three-phase composite when some of the structural and mechanical concepts involved in wood cells are exploited further. Based on the natural design of wood cellulose fibres, we suggest a bio-inspired strategy to increase the toughness in this new composite. In order to endow this composite with similar mechanisms of deformation found in the wood cell-wall composite, we establish a one-to-one correspondence between each of the fundamental constituents present in wood and those existing in the new composite, and therefore the role performed by each of the cell-wall constituents is replicated in the new wood-inspired material. By mimicking the natural design of the cellulose, the reinforcing fibre of the new composite is assumed to be made up of two phases. Here, the main feature of the stiff crystalline cellulose fibre in the wood cell-wall material is replicated in the new composite by adopting a very rigid elastic material as one of the phases in the fibre. Motivated by the very low ultimate strain reported in the crystalline cellulose (refer to Figure 3) , we choose alumina to become the rigid elastic portion of fibre, whose maximum tensile strain of 0.3% [21] coincides with that of crystalline cellulose. The Young's modulus and Poisson ratio for alumina are 414 GPa and 0.23, respectively [21] .
The second phase of the fibre is assumed to have a softer elasto-plastic response similar to the mechanical response of the amorphous cellulose fraction in the cell-wall. In order to endow this new composite with similar mechanisms of deformation found in the wood cell, we keep the same ratio present in the wood cell-wall composite, between the Young's modulus of the crystalline cellulose, E = 134 GPa, and its amorphous counterpart, E = 10.42 GPa. Thus, we proceed to define the Young's modulus for the softer fraction of fibre with a value of E = 32.19 GPa, which results in the same ratio when compared to the Young's modulus of alumina, that is, 414/32.19=134/10.42 = 12.86. Similarly, by adopting the same yield strain ε y = 0.01 (onset of plastic yielding) of the amorphous cellulose [11] for A comprehensive search for possible candidates of engineering materials with similar mechanical properties determined above reveals that an AM50A magnesium alloy is a suitable choice. It has a Young's modulus of 31.26 GPa [22] which is in good agreement with the value of 32.19 GPa. In addition, for a wide range of magnesium alloys, the value of the yield stress σ y varies between 0.072 and 0.383 GPa [23] , which is also in agreement with the determined yield stress σ y = 0.32 GPa. The ultimate tensile strain of the AM50A magnesium alloy determined experimentally in Ref. [22] is 0.10, which is slightly higher than the maximum strain of 0.06 for the amorphous cellulose fraction (refer to Section 2) but it is in the same order of magnitude.
We note that alumina/magnesium alloy composites are important in applications in which a high stiffness/weight ratio is required [24] . Some applications can be found, for instance, in aircraft engines, power transmission housings, rotating shafts and in helicopter transmission components [25] .
For the definition of the mechanical properties of the matrix, we follow the same considerations explained above. By keeping constant the ratio between the Young's modulus of the crystalline cellulose and that of the equivalent hemicellulose/lignin matrix, we estimate a Young's modulus E = 2.639 GPa for the matrix, such that 414/2.639 = 134/0.854 = 156.9. Similar calculations lead to a yield stress σ y = 0.059 GPa.
A new search for engineering materials as possible alternatives for the matrix results in epoxy as a suitable candidate. From Ref. [26] , the Young's modulus and yield stress for epoxy is E = 2.6 GPa and σ y = 0.068 GPa, respectively, revealing a good agreement with those values estimated above. In addition, its ultimate strain is 0.24 [26] , which is consistent with the large shear strains reported in the hemicellulose/lignin matrix before the failure of wood cells and wood tissue under straining [8] .
All of the material constants adopted for each of the constituents in the present composite are summarised in Table 2 .
FULLY COUPLED THREE-SCALE FINITE ELEMENT MODEL
In the present paper we propose a fully coupled three-scale finite element model for the mechanical response of the new composite. The constitutive description of the composite, or large scale continuum, is obtained by means of a computational homogenisation of a RVE at the intermediate level (refer to Figure 4) . Furthermore, at a lower scale the fibre is represented as a periodic alternation of rigid and soft portions (corresponding to alumina and magnesium alloy fractions), whose overall constitutive behaviour is modelled as a single material defined by a large number of RVEs at Gauss point (intermediate) level (Figure 4) .
We remark that the same multi-scale framework has been adopted in Ref. [5] to investigate the dissipative behavior of wood cell-walls. However, in this paper we couple a third scale to perform the finite element analyses in order to investigate the mechanical behaviour of this new composite material. Figure 5 shows the finite element meshes adopted in the analyses. Since we are interested in the investigation of the mechanical response of the material, we select one single fournoded trilinear tetrahedron element to represent the finite element discretisation of the large scale continuum. Similar approach has also been adopted in Ref. [27] . Details about the RVE meshes at the intermediate and small material scales can be found in Ref. [5] .
Alumina is modelled by means of an isotropic elastic material. Magnesium alloy and epoxy are modelled isotropically with a conventional von Mises law with no hardening. The mechanical properties of these constituents adopted in the present multi-scale framework are summarised in Table 2 .
The loading programme consists of applying a monotonic incremental displacement in one of the nodes of the tetrahedron finite element as shown in Figure 5 . Prescribed boundary conditions are also shown here. 
NUMERICAL RESULTS
In order to investigate the mechanical response, we explore the different mechanisms of deformation when the material is subject to tensile loading ( Figure 5 ). The different stages are plotted in Figure 6 . Here, we consider the material with an initial orientation of the alumina fibres of 45.7 o with respect to the loading direction. We also assume 45% volume fraction of alumina with respect to the whole volume of fibre (alumina/magnesium alloy).
The corresponding graph of Figure 6 shows a predominantly linear response within a first range of strains, up to almost 1% strain. After this level of deformation, an important reduction of the slope occurs. An examination of the numerical results reveals that this change in the slope is associated with the onset of yielding in the epoxy matrix. As the deformation progresses, the alumina/magnesium alloy fibres tend to rotate and the angle between the fibres and the loading axis reduces considerably. The corresponding alignment of the fibres results in the fibre reorientation-induced stiffening shown in Figure 6 . Further increase of the tensile loading results in a second important change of slope, at almost 11% strain, which is related to the beginning of plastic strains in the magnesium alloy fraction. Eventually, the last stage of deformation occurs at almost 15.5% strain, when the alumina fibres begin to reach their ultimate strain. This stage represents the complete failure of the composite. Figure 7 shows the stress-strain curves for different volume fractions of alumina (with respect to the whole volume of fibre). As in the previous case, an initial orientation of the alumina fibres of 45.7 o with respect to the loading direction is considered. In the corresponding graph, we see that for volume frac- tions between 40% and 70% the mechanical response is virtually the same for strains under 2-3%. From the numerical results, it can be concluded that up to this level of strain, the whole (alumina/magnesium alloy) fibre remains almost inextensible. This small influence of the alumina volume fraction on the overall mechanical response at lower strain levels is attributed to the large angle (near 45 o ) between the fibres and the loading axis at this stage. Here, only a small portion of the axial load is carried by the fibre. In addition, the main mechanism of deformation in the composite is shear, localised in the epoxy matrix, due to the relative displacements among (alumina/magnesium alloy) fibres undergoing rigid body rotation and alignment in the stretching direction. Therefore, any increase of the stiffness in the fibre due to a rise in the volume fraction of alumina will not affect significantly the overall mechanical response of the composite under low strain levels since the fibre will experience predominantly changes in its orientation rather than straining along its own axis. As explained before, if the straining process continues, the corresponding alignment of fibres will result in fibre reorientationinduced stiffening, as shown in Figure 6 and 7. Consequently, for only moderate to large strains the choice of different volume fractions of alumina in the fibre will lead to different levels of stiffness in the material. On the contrary, for smaller strains (possible during service conditions) the amount of rigid fraction in the fibre will have virtually no influence on the overall response of the material.
Importantly, all of the curves shown in Figure 7 have been truncated for the first failure (onset of ultimate strain) detected in one of the constituents of the composite. For the particular loading conditions considered in this work, the total failure of the material coincides with the failure of alumina fibres.
From graph presented in Figure 7 , it is straightforward to calculate the area under the corresponding curves, which represents a measure of toughness in the material. Figure 8 shows these values for volume fractions of alumina, between 0.3 and 1.0. We remark that the condition of 1.0 represents the com- posite when the whole fibre is made of only alumina, with no fraction of magnesium alloy. This particular case corresponds to the traditional engineering solution in which the fibre is made of one single rigid material. Due to its relevance, the values shown in Figure 8 have been normalised by the value of toughness determined for this particular case.
Andersson et al. [28] indicated a fraction of crystallinity for the cellulose fibres of Scots pine and Norway spruce between 0.49 and 0.60, with an average value of 0.52. Remarkably, by observing Figure 8 , it is evident to see that the maximisation of the normalised toughness in the present bio-inspired material occurs for volume fractions between 0.5 and 0.6, approximately. Consequently, the results shown here and obtained from the present multi-scale model, demonstrate that the choice of alumina volume fractions according to those values found in the crystalline cellulose of wood cells results in a maximisation of toughness in this new material.
CONCLUSIONS
Fundamental concepts involved in wood cells mechanics have been exploited in order to design a new bio-inspired composite. A fully coupled three-scale finite element model has been proposed to investigate the mechanical response of a new alumina/magnesium alloy/epoxy three-phase composite. Numerical results have demonstrated that the choice of the volume fraction of alumina based on those volume fractions of crystalline cellulose found in wood cells results in a maximisation of toughness in the present bio-inspired composite. The features presented above have been replicated from wood and represent a natural mechanism of adaptation to the development of large strains in trees.
